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Attention Deficit/Hyperactivity Disorder (ADHD) is considered as a model of neuro- 
developmental cognitive function. ADHD research previously studied mainly males. A 
major biological distinction between the genders is the presence of a menstrual cycle, 
which is associated with variations in sex steroid hormone levels. There is a growing 
body of literature showing that sex hormones have the ability to regulate intracellular 
signaling systems that are thought to be abnormal in ADHD. Thus, it is conceivable to 
believe that this functional interaction between sex hormones and molecules involved 
with synaptic plasticity and neurotransmitter systems may be associated with some of the 
clinical characteristics of women with ADHD. In spite of the impact of sex hormones on 
major neurotransmitter systems of the brain in a variety of clinical settings, the menstrual 
cycle is usually entered to statistical analyses as a nuisance or controlled for by only 
testing male samples. Evaluation of brain structure, function and chemistry over the 
course of the menstrual cycle as well as across the lifespan of women (premenarche, 
puberty, cycling period, premenopause, postmenopause) is critical to understanding sex 
differences in both normal and aberrant mental function and behavior. The studies of 
ADHD in females suggest confusing and non-consistent conclusions. None of these 
studies examined the possible relationship between phase of the menstrual cycle, sex 
hormones levels and ADHD symptoms. The menstrual cycle should therefore be taken 
into consideration in future studies in the neurocognitive field since it offers a unique 
opportunity to understand whether and how subtle fluctuations of sex hormones and 
specific combinations of sex hormones influence neuronal circuits implicated in the 
cognitive regulation of emotional processing. The investigation of biological models 
involving the role of estrogen, progesterone, and other sex steroids has the potential 
to generate new and improved diagnostic and treatment strategies that could change the 
course of cognitive-behavioral disorders such as ADHD. 
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INTRODUCTION 

Behavioral, biochemical, and physiological data in animals 
demonstrate that gonadal steroid hormones estrogen, proges- 
terone and testosterone have an effect on behavior and modulate 
neuronal activity (McEwen and Alves, 1999; Pfaff et al., 2000; 
McEwen, 2002; Pfaff, 2005). These hormones not only influ- 
ence ovulation and reproductive behavior but may also have an 
effect on cognitive functions, affective state, vulnerability to drugs 
of abuse, and pain sensitivity (Bromberger and Kravitz, 2011; 
McEwen et al, 2012). While the influence of sex hormones on 
emotional states is supported by a wide body of animal data 
and reflected in diverging prevalence rates for men and women 
for psychiatric diseases, much too little is known about the 



impact of estrogen progesterone and testosterone on cognitive 
functions in women (Schmidt et al, 1998; Bloch et al, 2000). 
Common psychiatric disorders in women, such as depression 
and anxiety (Soares and Zitek, 2008) are associated with cog- 
nitive biases to emotional information. Furthermore, hormonal 
transitions across women's lifespan, such as the premenstrual 
period (Rapkin and Akopians, 2012), postpartum (O'Hara, 2009) 
and menopause (Freeman, 2010) have been shown to be highly 
vulnerable to mood disorders, whereas alterations in the cogni- 
tive function during these periods were little investigated. The 
menstrual cycle offers a unique opportunity to study whether and 
how subtle fluctuations of sex hormones can influence cognitive 
functions. 
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THE MENSTRUAL CYCLE AND HORMONAL PROFILES DURING 
WOMEN'S LIFE SPAN 

Most women (80%) experience regular menstrual cycle from 
menarche to menopause, whereas the rest have irregular cycles 
(Munster et al., 1992). Overall, approximately 15% of reproduc- 
tive age cycles are 28 days in length (Vollman, 1997) divided into 
follicular and luteal phases. Significant changes in hormonal levels 
occur during the menstrual cycle. At the early follicular phase 
levels of estrogen, progesterone and testosterone are very low, 
while toward the mid-follicular days blood levels of estrogen and 
testosterone begin to rise, reaching maximal levels a little before 
ovulation (Griffin and Ojeda, 2004; Terner and De Wit, 2006). 
The rise in estrogen level is accompanied by a drop in follicle 
stimulating hormone (FSH) level. Ovulation occurs 40-44 h after 
a luteinizing hormone surge and a milder FSH surge. The luteal 
phase is characterized by moderate estrogen and increasing pro- 
gesterone production by the corpus luteum. Estrogen decreases 
from moderate level at the midluteal phase to its lowest level just 
before the onset of menstruation. Progesterone levels rise after 
ovulation, peak approximately 7 days post ovulation on and fall 
rapidly just before menstruation to undetected levels (Griffin and 
Ojeda, 2004; Terner and De Wit, 2006). Details are presented in 
Figure 1 . 

Before menarche and after menopause estrogen and proges- 
terone levels are usually un-measurable. In premenopausal years, 
and depletion of the follicular reserve of the ovary, the cycle length 
tends to shorten, and anovulatory cycles are more frequent, until 
its cessation during menopause. 

IMPACT OF SEX HORMONES ON BRAIN STRUCTURE AND FUNCTION 

It has been established that sex hormones act on the central 
nervous system and influence the organization of neural circuits 
during the prenatal period (Collaer and Hines, 1995; McEwen, 
2001). While men have greater overall brain volume than women, 
relative to total volume, sex-specific regional differences exist. 
Men have larger amygdala and hypothalamus, while women 
have larger caudate and hippocampus. These regional differences 
may be related to the distribution of estrogen (hippocampus) 
and androgen (amygdala) receptors. Sex hormones are known 
to directly influence the hypothalamus and the hippocampus: 
areas that are implicated in emotional processing, perception and 
memory, as well as in the interpretation of sensory information 
(Fanselow and Dong, 2010; Hines, 2010). 

As it becomes clearer that hormonal transition periods across 
the life span of women also affect brain organization, some 
newly neuroimaging studies have started addressing the relevance 
of subtle hormonal fluctuations across the menstrual cycle on 
brain architecture, connectivity, metabolism and blood flow. For 
example, there is some evidence that estrogen in postmenopausal 
women increases regional cerebral blood flow (Resnick et al., 
1998; Maki and Resnick, 2000; Kaya et al, 2008), thus estro- 
gen may account for some of the variability in blood flow and 
metabolism in women's brain. Regional cerebral metabolic rate of 
glucose (CMRglu) varies significantly with menstrual cycle phase 
suggesting that there are acute hormonal effects on brain glucose 
metabolism (Reiman et al., 1996). 



Genetic and hormonal differences are the two most obvious pos- 
sible causes for gender differences in neuro-cognitive-behavioral 
aspects (Mahone, 2010). Sex steroids are major modulators of 
mammalian brain function, regulating neurotransmitters and 
influencing neuronal differentiation, growth, and synapse for- 
mation (Miodovnik et al., 2012). Exposure to varying levels of 
sex steroids early in development can lead to permanent changes 
in behavior (Morris et al., 2004). Sex hormones were found in 
a variety of clinical settings to impact major neurotransmitter 
systems of the brain. Women tend to have more active serotonin 
(5-HT transporter, 5-HT1A and 5-HT2A receptors) (Fink et al., 
1998), dopamine (DA transporter) and GABA (neurotransmitter 
levels) systems. Estrogen and progesterone are involved in several 
aspects of brain function, such as brain development, synaptic 
plasticity, and modulation of neurotransmitter systems [e.g., sero- 
tonin, norepinephrine, y-aminobutyric acid (GABA), glutamate] 
(Rubinow and Schmidt, 2006). Estrogen and progesterone recep- 
tors are found in brain areas involved with the stress response 
and mood regulation including the hypothalamus, hippocampus, 
amygdala, and prefrontal cortex (Lokuge et al., 2010; Bromberger 
and Kravitz, 2011). 

5-HT functions to coordinate complex sensory and motor 
patterns during a variety of behavioral states and is implicated 
in the pathology of mood disorders, sleep and eating disorders, 
and schizophrenia. There is an association between estrogen and 
schizophrenia. A deficiency in estrogen exposure may impact 
gray matter cortical thickness, which may be reversed by higher 
levels of estrogen that may induce or activate neuroprotective 
mechanisms (van der Leeuw et al., 2013). The results of this 
and other studies fit both the estrogen deficiency and protection 
hypothesis (Begemann et al, 2012; McEwen et al, 2012). 

Interestingly, studies on the effects of exogenous sex steroids 
in postmenopausal women have demonstrated higher 5HT2A 
binding throughout the cerebral cortex in women treated with 
estradiol plus progesterone replacement (Moses et al, 2000). 
Dopaminergic function is also enhanced in women. DA is impor- 
tant for reward processes including the reinforcing effects of 
most drugs of abuse, and has been implicated in a variety of 
neuropsychiatric disorders including Parkinson's disease. The DA 
transporter, which functions to regulate synaptic DA availability, 
is higher in women compared to men (Lavalaye et al, 2000; 
Mozley et al, 2001; Staley et al., 2001). Healthy women may have 
higher presynaptic dopaminergic tone in striatum and higher 
extrastriatal DA receptor density and availability compared to 
men (Kaasinen et al, 2001; Laakso et al., 2002). The availability of 
D2 receptor may vary with fluctuations in sex steroid hormones 
across the menstrual cycle (Wong et al, 1988). 

Although not as well studied, differences between men and 
women have been reported for other receptor systems. These 
include the cholinergic system, which is involved in memory 
and cognition; the GABAergic system, the major inhibitory neu- 
rotransmitter system involved in mood and memory; and the 
opioid system, which is involved in pain and reward processes. 
Women express higher numbers of cortical muscarinic acetyl- 
choline receptors (Yoshida et al, 2000). Women have also higher 
cortical GABA levels than men as measured with magnetic res- 
onance spectroscopy (MRS; Sanacora et al., 1999). GABA levels 
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FIGURE 1 | The menstrual cycle. 



vary across the menstrual cycle (Epperson et al, 2002) such 
that cortical GABA levels declines between the follicular and 
luteal phase in healthy women, and increases in women with 
premenopausal dysphoric syndrome. This indicates that GABA 
neurotransmission in tightly regulated by the menstrual cycle. 

SEX DIFFERENCES ON BRAIN COGNITIVE PERFORMANCE 

Women are believed to have better verbal skills and inferior spatial 
abilities than men. In women, IQ correlates with gray matter 
volume of the frontal lobe and Broca's area, which is involved in 
language (Haier et al, 2005), whereas in men it correlates with 
the volume of the frontal and parietal lobes; suggesting that men 
and women use different brain areas to achieve a similar IQ. 
Scarce literature has analyzed cognitive performance in women 
in respect to their menstrual cycle phase or hormonal status. In 
the few instances that the menstrual cycle phase was the primary 
research aim, typically the research focused on cognitive domains, 
using mental rotation or language tasks (Masters and Sanders, 
1993; Fernandez et al, 2003; Bell et al, 2006; Frings et al, 2006; 
Schoning et al., 2007; Pletzer et al., 2011). Women in the early 
follicular phase were inferior to men at a task requiring response 
inhibition to obvious versus less obvious stimuli; however, no 
sex differences in neural activation were associated with different 
performance levels (Halari and Kumari, 2005). A similar study 
determined that sex differences in performance on verbal and 
spatial cognitive tasks were not significantly related to endogenous 
hormone levels in men and women during the early follicular 
phase of the menstrual cycle (Halari et al., 2005). 



HORMONAL IMPACT ON BRAIN COGNITIVE PERFORMANCE 

Both androgens and estrogens have been shown to influence the 
organization of neural structure and function (Miodovnik et al., 
2012). The prenatal hormonal levels influences the development 
of brain structures involved not only in sexual behaviors but 
also in cognition, memory, aggression and mood, resulting in 
a multitude of phenotypes that vary both within and between 
the sexes (McCarthy et al., 2009). The mechanisms underlying 
the sexual differentiation of the brain, however, are complex 
and incompletely understood. Sex steroids may act directly on 
sexually dimorphic regions of the brain; they may affect the spatial 
patterning of sex steroid receptors across brain regions; or they 
may impact the pituitary-gonadal axis, i.e., negative feedback 
from excess estradiol would result in decreased gonadotropin 
release and, subsequently, diminished testosterone serum levels 
(Rubinow and Schmidt, 1996; Miodovnik et al, 2012). 

Previous studies have explored the link between sex hormones 
and other female-related mood disorders such as premenstrual 
dysphoric disorder (PMDD), (unipolar) postpartum depression, 
perimenopausal depression, and bipolar disorder (Schmidt et al., 
1998; Bloch et al, 2000; Frey and Dias, 2014). 

Several (not many) studies have investigated the impact of 
fluctuating sex hormone levels during the menstrual cycle on 
the interplay between emotion and cognition in healthy reg- 
ularly cycling women. This lack of knowledge is remarkable, 
considering the evidence for major emotional disorders occur- 
ring specifically during normal hormonal swings in the lifespan 
of women. A recent review of the literature by Sacher et al. 
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(2013) summarized neuroimaging studies that showed that men- 
strual cycle phase affected the reaction to emotional stimuli 
and reward, as evidenced by behavioral biases in reaction time 
and neural activation. In line with this evidence, the menstrual 
cycle also appeared to impact a neural network implicated in 
cognitive control of emotion. It was suggested by these authors 
that the menstrual cycle be considered as a modulating factor 
when examining the behavioral and neural response to emotional 
stimuli. 

SEX DIFFERENCES IN ADHD AS A MODEL FOR COGNITIVE FUNCTION 

As with many neurodevelopmental disorders, the prevalence of 
attention deficit/hyperactivity disorder (ADHD) differs in males 
and females (American Psychiatric Association, 2013). ADHD is 
considered as a model of neuro-developmental cognitive func- 
tions and disorders (Pennington, 2006). Yet, relatively very little 
is known about the role of sex hormones in the pathophysiology 
of ADHD, and only recently has ADHD in females become the 
focus of clinical studies, while most previous research included 
mainly males (Gross-Tsur et al., 2006; Skogli et al., 2013). Males 
are at least twice more likely to be identified with ADHD than 
females (American Psychiatric Association, 2013). Research on 
gender differences suggests that girls may be consistently under 
identified and under diagnosed because of differences in the 
expression of the disorder among boys and girls (Skogli et al., 
2013). The precise mechanisms underlying this sex difference are 
poorly understood and scarcely studied. Genetic and hormonal 
factors cited as potential causes of the male preponderance in 
ADHD but other factors, however, may contribute to this dispar- 
ity (Mahone, 2010). Limitations inherent in the DSM nomencla- 
ture may contribute to the under-diagnosis of ADHD in females, 
rating scales may not adequately capture symptom severity among 
females, teachers are more likely to refer males than females 
for treatment for ADHD (Sciutto et al, 2004; Waschbusch and 
King, 2006). Thus, functional difficulties among females with 
ADHD may go unrecognized and untreated, and it remains 
unclear to what extent biological factors (genes, hormones) drive 
the preponderance of males diagnosed with ADHD (Lemiere 
et al., 2010; Mahone, 2010). Recent electroencephalogram (EEG) 
study has demonstrated that girls' EEG activity failed to replicate 
differences found previously in mixed-sex groups (Dupuy et al., 
2013). The authors concluded that this reinforces the notion that 
it is no longer appropriate to apply the male-based literature to 
all ADHD groups, rather, the use of single-sex subject groups 
is necessary in EEG research of ADHD (Dupuy et al, 2013). 
Most studies regarding ADHD in females suggest confusing and 
non-consistent conclusions. Some suggest that ADHD school- 
age girls have far more impairment than their healthy female 
peers, with significant deficits in internalizing and externalizing 
disorders, and greater impairment in academic, social, and family 
domains (Biederman et al., 1999; Gershon, 2002; Zalecki and 
Hinshaw, 2004). Others suggest that ADHD in school- age boys 
and girls is more similar than different (Arcia and Conners, 
1998; Castellanos et al., 2002; Yang et al, 2004). None of these 
studies examined the possible relationship between sex hormones 
and ADHD symptoms. As reviewed above, there is a growing 
body of literature showing that sex hormones have the ability 



to regulate intracellular signaling systems that are thought to be 
abnormal also in ADHD. Thus, it is conceivable to believe that 
this functional interaction between sex hormones and molecules 
involved with synaptic plasticity and neurotransmitter systems 
may be associated with some of the clinical characteristics of 
women with ADHD (Frey and Dias, 2014). 

The investigation of biological models involving the role of 
estrogen, progesterone, and other sex steroids has also the poten- 
tial to generate new and improved diagnostic and treatment 
strategies that could change the course of cognitive-behavioral 
disorders such as ADHD in women. 

SUMMARY 

Sex differences in brain morphology, function and neurochem- 
istry are likely to impact normal and abnormal behavior and 
function. Until the role of sex hormones in the female human 
brain is understood, it is important to take into account crit- 
ical variables, such as menstrual cycle phase, hormonal status 
(e.g., post partum, perimenopause, menopause), and external 
hormonal use (e.g., combined oral contraception, hormonal 
replacement therapy at menopause). In spite of the impact of sex 
hormones on major neurotransmitter systems of the brain in a 
variety of clinical settings, the menstrual cycle is usually entered 
to statistical analyses as a nuisance regressor (Lonsdorf et al., 
2011), or controlled for by only testing male samples (Karama 
et al, 2011). The menstrual cycle offers a unique opportunity 
to study whether and how subtle fluctuations of sex hormones 
and specific combinations of sex hormones influence neuronal 
circuits implicated in the cognitive regulation of emotional 
processing. 

We suggest that the menstrual cycle should be considered 
as a modulating factor when examining cognitive response to 
emotional information in women. Furthermore, with the intro- 
duction of sensitive tests to measure cognitive performance and 
imaging techniques to visualize brain morphology and study its 
neurochemistry, it is now becoming possible to carefully analyze 
cognitive performance in women by their menstrual cycle phase, 
or current hormonal status. This may lead to better understand- 
ing of the sex hormone impact on women's brain in health as well 
as in ADHD and may resolve the inconsistency of the findings in 
women with ADHD. 

REFERENCES 

American Psychiatric Association. (2013). Diagnostic and Statistical Manual of 
Mental Disorders. 5th Edn.(DSM-5) Washington, DC: American Psychiatric 
Publishing. 

Arcia, E., and Conners, C. K. (1998). Gender differences in ADHD? /. Dev. Behav. 

Pediatr. 19, 77-83. doi: 10.1097/00004703-199804000-00003 
Begemann, M. J., Dekker, C. E, van Lunenburg, M., and Sommer, I. E. 

(2012). Estrogen augmentation in schizophrenia: a quantitative review of 

current evidence. Schizophr. Res. 141, 179-184. doi: 10.1016/j.schres.2012. 

08.016 

Bell, E. C, Willson, M. C, Wilman, A. H., Dave, S., and Silverstone, P. H. (2006). 

Males and females differ in brain activation during cognitive tasks. Neuroimage 

30, 529-538. doi: 10.1016/j.neuroimage.2005.09.049 
Biederman, J., Faraone, S. V., Mick, E., Williamson, S., Wilens, T. E., Spencer, T. J., 

et al. (1999). Clinical correlates of ADHD in females: findings from a large 

group of girls ascertained from pediatric and psychiatric referral sources. /. Am. 

Acad. Child Adolesc. Psychiatry 38, 966-975. doi: 10.1097/00004583-199908000- 

00012 



Frontiers in Human Neuroscience 



www.frontiersin.org 



April 2014 | Volume 8 | Article 191 | 4 



Haimov-Kochman and Berger 



Cycle phase, hormones and cognition 



Bloch, M., Schmidt, P. J., Danaceau, M., Murphy, J., Nieman, L., and Rubinow, 
D. R. (2000). Effects of gonadal steroids in women with a history of post- 
partum depression. Am. J. Psychiatry 157, 924-930. doi: 10.1176/appi.ajp.l57. 
6.924 

Bromberger, J. T., and Kravitz, H. M. (2011). Mood and menopause: findings 
from the Study of Women's Health Across the Nation (SWAN) over 10 
years. Obstet. Gynecol Clin. North Am. 38, 609-625. doi: 10.1016/j.ogc.2011. 
05.011 

Castellanos, F. X., Lee, P. P., Sharp, W., Jeffries, N. O., Greenstein, D. K., Clasen, 

L. S., et al. (2002). Developmental trajectories of brain volume abnormalities 

in children and adolescents with attention-deficit/hyperactivity disorder. JAMA 

288, 1740-1748. doi: 10.1001/jama.288.14.1740 
Collaer, M. L., and Hines, M. (1995). Human behavioral sex differences: a role for 

gonadal hormones during early development? Psychol. Bull. 118, 55-107. doi: 10. 

1037/0033-2909.118.1.55 
Dupuy, R E., Clarke, A. R., Barry, R. J., McCarthy, R., and Selikowitz, M. (2013). 

EEG differences between the combined and inattentive types of attention- 

deficit/hyperactivity disorder in girls: a further investigation. Clin. EEG Neurosci. 

doi: 10.1177/1550059413501162. [Epub ahead of print]. 
Epperson, C, Haga, K., Mason, G., Sellers, E., Gueorguieva, R., Zhang, W, et al. 

(2002). Cortical y-aminobutyric acid levels across the menstrual cycle in healthy 

women and those with premenstrual dysphoric disorder. Arch. Gen. Psychiatry 

59, 851-858. doi: 10.1001/archpsyc.59.9.851 
Fanselow, M. S., and Dong, H. W. (2010). Are the dorsal and ventral hippocampus 

functionally distinct structures? Neuron 65, 7-19. doi: 10. 1016/j. neuron. 2009. 

11.031 

Fernandez, G., Weis, S., Stoffel- Wagner, B., Tendolkar, I., Reuber, M., Beyenburg, 
S., et al. (2003). Menstrual cycle- dependent neural plasticity in the adult human 
brain is hormone, task and region specific. /. Neurosci. 23, 3790-3795. 

Fink, G., Sumner, B. E., McQueen, J. K., Wilson, H., and Rosie, R. (1998). Sex 
steroid control of mood, mental state and memory. Clin. Exp. Pharmacol. 
Physiol. 25, 764-775. doi: 10.1111/j. 1440-1681. 1998.tb02151.x 

Freeman, E. W. (2010). Associations of depression with the transition to 
menopause. Menopause 17, 823-827. doi: 10.1097/gme.0b013e3181db9f8b 

Frey, B. N., and Dias, R. S. (2014). Sex hormones and biomarkers of neuropro- 
tection and neurodegeneration: implications for female reproductive events in 
bipolar disorder. Bipolar Disord. 16, 48-57. doi: 10.111 l/bdi.12151 

Frings, L., Wagner, K., Unterrainer, J., Spreer, J., Halsband, U., and Schulze- 
Bonhage, A. (2006). Gender-related differences in lateralization of hippocampal 
activation and cognitive strategy. Neuroreport 17, 417—121. doi: 10.1097/01.wnr. 
0000203623.02082.e3 

Gershon, J. (2002). A meta-analytic review of gender differences in ADHD. /. Atten. 
Disord. 5, 143-154. doi: 10.1177/108705470200500302 

Griffin, J. E., and Ojeda, S. R. (2004). Textbook of Endocrine Physiology. New York, 
NY: Oxford University Press. 

Gross-Tsur, V., Goldzweig, G., Landau, Y. E., Berger, L, Shmueli, D., and 
Shalev, R. S. (2006). The impact of sex and subtypes on cognitive and psy- 
chosocial aspects of ADHD. Dev. Med. Child Neurol. 48, 901-905. doi: 10. 
1017/s0012162206001976 

Haier, R., Jung, R., Yeo, R., Head, K., and Alkire, M. (2005). The neuroanatomy 
of general intelligence: sex matters. Neuroimage 25, 320-327. doi: 10. 1016/j. 
neuroimage.2004.11.019 

Halari, R., Hines, M., Kumari, V., Mehrotra, R., Wheeler, M., Ng, V., et al. 
(2005). Sex differences and individual differences in cognitive performance and 
their relationship to endogenous gonadal hormones and gonadotropins. Behav. 
Neurosci. 119, 104-117. doi: 10.1037/0735-7044.119.1.104 

Halari, R., and Kumari, V. (2005). Comparable cortical activation with inferior 
performance in women during a novel cognitive inhibition task. Behav. Brain 
Res. 158, 167-173. doi: 10.1016/j.bbr.2004.08.022 

Hines, M. (2010). Sex-related variation in human behavior and the brain. Trends 
Cogn. Sci. 14, 448-456. doi: 10.1016/j.tics.2010.07.005 

Kaasinen, V., Nagren, K., Hietala, J., Farde, L., and Rinne, J. O. (2001). Sex 
differences in extrastriatal dopamine D2-like receptors in the human brain. Am. 
}. Psychiatry 158, 308-311. doi: 10.1176/appi.ajp.l58.2.308 

Karama, S., Armony, J., and Beauregard, M. (2011). Film excerpts shown to 
specifically elicit various affects lead to overlapping activation foci in a large set 
of symmetrical brain regions in males. PLoS One 6:e22343. doi: 10.1371/journal. 
pone.0022343 



Kaya, E., Sahin, E K., Koken, G., Kose, M., and Cevrioglu, A. S. (2008). Acute effect 
of intranasal estrogen on cerebral and cerebellar perfusion in postmenopausal 
women. Maturitas 59, 72-82. doi: 10.1016/j.maturitas.2007.10.004 

Laakso, A., Vilkman, H., Bergman, J., Haaparanta, M., Solin, O., Syvalahti, 
E., et al. (2002). Sex differences in striatal presynaptic dopamine synthesis 
capacity in healthy subjects. Biol. Psychiatry 52, 759-763. doi: 10.1016/s0006- 
3223(02)01369-0 

Lavalaye, J., Booij, J., Reneman, L., Habraken, J., and Royen, E. V. (2000). Effect of 
age and gender on dopamine transporter imaging with [123I]FP-CIT SPET in 
healthy volunteers. Eur. ]. Nucl. Med. 27, 867-869. doi: 10.1007/s002590000279 

Lemiere, J., Boets, B., and Danckaerts, M. (2010). No association between the 
2D:4D ratio fetal testosterone marker and multidimensional abilities in children 
with ADHD. Dev. Med. Child Neurol. 52, e202-e208. doi: 10.1111/j. 1469-8749. 
2010.03684.x 

Lokuge, S., Frey, B. N., Foster, J. A., Soares, C. N., and Steiner, M. (2010). The 
rapid effects of estrogen: a mini-review. Behav. Pharmacol. 21, 465-472. doi: 10. 
1097/fbp.0b013e32833da5c3 

Lonsdorf, T. B., Golkar, A., Lindstom, K. M., Fransson, P., Schalling, M., Ohman, 
A., et al. (2011). 5-HTTLPR and COMTvall58met genotype gate amygdala 
reactivity and habituation. Biol. Psychol. 87, 106-112. doi: 10. 1016/j. biopsycho. 
2011.02.014 

Mahone, E. M. (2010). Why fewer females than males are diagnosed with attention- 
deficit- hyperactivity disorder: it might not be hormones. Dev. Med. Child 
Neurol. 52, 790-791. doi: 10.1111/j.l469-8749.2010.03709.x 

Maki, P. M., and Resnick, S. M. (2000). Longitudinal effects of estrogen replacement 
therapy on PET cerebral blood flow and cognition. Neurobiol. Aging 21, 373- 
383. doi: 10.1016/s0197-4580(00)00123-8 

Masters, M. S., and Sanders, B. (1993). Is the gender difference in mental rotation 
disappearing? Behav. Genet. 23, 337-341. doi: 10.1007/bf01067434 

McCarthy, M. M., Auger, A. P., Bale, T. L., De Vries, G. J., Dunn, G. A., Forger, 
N. G, et al. (2009). The epigenetics of sex differences in the brain. /. Neurosci. 
29, 12815-12823. doi: 10.1523/JNEUROSCI.3331-09.2009 

McEwen, B. S. (2001). Invited review: estrogens effects on the brain: multiple sites 
and molecular mechanisms. /. Appl. Physiol. (1985) 91, 2785-2801. 

McEwen, B. (2002). Estrogen actions throughout the brain. Recent Prog. Horm. Res. 
57, 357-384. doi: 10.1210/rp.57.1.357 

McEwen, B. S., and Alves, S. E. (1999). Estrogen actions in the central nervous 
system. Endocr. Rev. 20, 279-307. doi: 10.1210/er.20.3.279 

McEwen, B. S., Akama, K. T, Spencer-Segal, J. L., Milner, T. A., and Waters, E. M. 
(2012). Estrogen effects on the brain: actions beyond the hypothalamus via 
novel mechanisms. Behav. Neurosci. 126, 4-16. doi: 10.1037/a0026708 

Miodovnik, A., Diplas, A. I„ Chen, J., Zhu, C, Engel, S. M., and Wolff, M. S. (2012). 
Polymorphisms in the maternal sex steroid pathway are associated with behavior 
problems in male offspring. Psychiatr. Genet. 22, 115-122. doi: 10.1097/ypg. 
0b013e328351850b 

Morris, J. A., Jordan, C. L., and Breedlove, S. M. (2004). Sexual differentiation of the 
vertebrate nervous system. Nat. Neurosci. 7, 1034-1039. doi: 10.1038/nnl325 

Moses, E., Drevets, W., Smith, G., Mathis, C, Kalro, B., Butters, M., et al. (2000). 
Effects of estradiol and progesterone administration on human serotonin 2A 
receptor binding: a PET study. Biol. Psychiatry 48, 854-860. doi: 10.1016/s0006- 
3223(00)00967-7 

Mozley, L., Gur, R., Mozley, P., and Gur, R. (2001). Striatal dopamine transporters 
and cognitive functioning in healthy men and women. Am. J. Psychiatry 158, 
1492-1499. doi: 10.1176/appi.ajp.l58.9.1492 

Miinster, K., Schmidt, L., and Helm, P. (1992). Length and variation in the 
menstrual cycle - a cross sectional study from a Danish county. Br. J. Obstet. 
Gynaecol. 99, 422-425. doi: 10.1111/j. 1471-0528.1992.tbl3762.x 

O'Hara, M. W. (2009}. Postpartum depression: what we know. /. Clin. Psychol. 65, 
1258-1269. doi: 10.1002/jclp.20644 

Pennington, B. F. (2006). From single to multiple deficit models of developmental 
disorders. Cognition 101, 385-413. doi: 10.1016/j.cognition.2006.04.008 

Pfaff, D. (2005). Hormone-driven mechanisms in the central nervous system 
facilitate the analysis of mammalian behaviours. /. Endocrinol. 184, 447-453. 
doi: 10.1677/joe.l.05897 

Pfaff, D. W, Vasudevan, N., Kia, H., Zhu, Y, Chan, J., Garey, J., et al. (2000). Estro- 
gens, brain and behavior: studies in fundamental neurobiology and observations 
related to women's health. /. Steroid Biochem. Mol. Biol. 74, 365-373. doi: 10. 
1016/s0960-0760(00)001 14-x 



Frontiers in Human Neuroscience 



www.frontiersin.org 



April 2014 | Volume 8 | Article 191 | 5 



Haimov-Kochman and Berger 



Cycle phase, hormones and cognition 



Pletzer, B., Kronbichler, M., Ladurner, G., Nuerk, H. C, and Kerschbaum, H. 
(2011). Menstrual cycle variations in the BOLD-response to a number bisection 
task: implications for research on sex differences. Brain Res. 1420,37-47. doi: 10. 
1016/j.brainres.2011.08.058 

Rapkin, A. J., and Akopians, A. L. (2012). Pathophysiology of premenstrual syn- 
drome and premenstrual dysphoric disorder. Menopause Int. 18, 52-59. doi: 10. 
1258/mi.2012.012014 

Reiman, E. M., Armstrong, S. M., Matt, K. S., and Mattox, J. H. (1996). The 
application of positron emission tomography to the study of the normal men- 
strual cycle. Hum. Reprod. 11, 2799-2805. doi: 10.1093/oxfordjournals.humrep. 
a019214 

Resnick, S. M., Maki, P. M., Golski, S., Kraut, M. A., and Zonderman, A. B. 
(1998). Effects of estrogen replacement therapy on PET cerebral blood flow and 
neuropsychological performance. Horm. Behav. 34, 171-182. doi: 10.1006/hbeh. 
1998.1476 

Rubinow, D. R., and Schmidt, P. J. (1996}. Androgens, brain and behavior. Am. J. 

Psychiatry 153, 974-84. 
Rubinow, D. R., and Schmidt, P. J. (2006). Gonadal steroid regulation of mood: the 

lessons of premenstrual syndrome. Front. Neuroendocrinal. 27, 210-216. doi: 10. 

1016/j.yfrne.2006.02.003 
Sacher, J., Okon-Singer, H., and Villringer, A. (2013). Evidence from neuroimaging 

for the role of the menstrual cycle in the interplay of emotion and cognition. 

Front. Hum. Neurosci. 7:374. doi: 10.3389/fnhum.2013.00374 
Sanacora, G., Mason, G. E, Rothman, D. L., Behar, K. L., Hyder, E, Petroff, O. A., 

et al. (1999). Reduced cortical gamma-aminobutyric acid levels in depressed 

patients determined by proton magnetic resonance spectroscopy. Arch. Gen. 

Psychiatry 56, 1043-1047. doi: 10.1001/archpsyc.56.11.1043 
Schmidt, P. J., Nieman, L. K., Danaceau, M. A., Adams, L. E, and Rubinow, D. R. 

(1998). Differential behavioral effects of gonadal steroids in women with and in 

those without premenstrual syndrome. N. Engl. J. Med. 338, 209-216. doi: 10. 

1056/nejml99801223380401 
Schoning, S., Engelien, A., Kugel, H., Schafer, S., Schiffbauer, H., Zwitserlood, 

P., et al. (2007). Functional anatomy of visuo-spatial working memory during 

mental rotation is influenced by sex, menstrual cycle and sex steroid hormones. 

Neuropsychologia 45, 3203-3214. doi: 10.1016/j.neuropsychologia.2007.06.011 
Sciutto, M., Nolfi, C., and Bluhm, C. (2004). Effects of child gender and symptom 

type on referrals for ADHD by elementary school teachers. /. Emot. Behav. 

Disord. 12, 247-253. doi: 10.1177/10634266040120040501 
Skogli, E. W., Teicher, M. H., Andersen, P. N„ Hovik, K. T, and Oie, M. (2013). 

ADHD in girls and boys-gender differences in co-existing symptoms and 

executive function measures. BMC Psychiatry 13:298. doi: 10.1186/1471-244x- 

13-298 

Soares, C. N., and Zitek, B. (2008). Reproductive hormone sensitivity and risk 
for depression across the female life cycle: a continuum of vulnerability? /. 
Psychiatry Neurosci. 33, 331-343. 

Staley, J., Krishnan-Sarin, S., Zoghbi, S., Tamagnan, G., Fujita, M., Seibyl, J., et al. 
(2001). Sex differences in [1231] beta-CIT SPECT measures of dopamine and 



serotonin transporter availability in healthy smokers and nonsmokers. Synapse 
41,275-284. doi: 10.1002/syn.l084 
Terner, J. M., and De Wit, H. (2006). Menstrual cycle phase and responses to drugs 
of abuse in humans. Drug Alcohol Depend. 84, 1-13. doi: 10.1016/j.drugalcdep. 
2005.12.007 

van der Leeuw, C., Habets, P., Gronenschild, E., Domen, P., Michielse, S., 
van Kroonenburgh, M., et al. (2013). Testing the estrogen hypothesis of 
schizophrenia: associations between cumulative estrogen exposure and cerebral 
structural measures. Schizophr. Res. 150, 114-120. doi: 10.1016/j.schres.2013. 
07.033 

Vollman, R. F. (1997). The Menstrual Cycle, in Friedman E, Editor, Major Problems 
in Obstetrics and Gynecology. Philadelphia: W.B. Saunders Co. 

Waschbusch, D., and King, S. (2006). Should sex-specific norms be used to 
assess attention-dencit/hyperactivity disorder or oppositional defiant disorder? 
/. Consult. Clin. Psychol. 74, 179-185. doi: 10.1037/0022-006x.74.1.179 

Wong, D., Broussolle, E., Want, G., Villemagne, V., Dannals, R., Links, J., et al. 
(1988). In vivo measurement of dopamine receptors in human brain by positron 
emission tomography. Age and sex differences. Ann. NY Acad. Sci. 515, 203-214. 
doi: 10. 1 1 1 1/j. 1749-6632.1988.tb32986.x 

Yang, P., Jong, Y. J., Chung, L. C, and Chen, C. S. (2004). Gender differences in 
a clinic-referred sample of Taiwanese attention -deficit/hyper activity disorder 
children. Psychiatry Clin. Neurosci. 58, 619-623. doi: 10.1111/j.l440-1819.2004. 
01312.x 

Yoshida, T., Kuwabara, Y, Sasaki, M., Fukumura, T., Ichimiya, A., Takita, M., et al. 

(2000). Sex-related differences in the muscarinic acetylcholinergic receptor in 

the healthy human brain-a positron emission tomography study. Ann. Nucl. 

Med. 14, 97-101. doi: 10.1007/bf02988587 
Zalecki, C. A., and Hinshaw, S. P. (2004). Overt and relational aggression in girls 

with attention deficit hyperactivity disorder. /. Clin. Child Adolesc. Psychol. 33, 

125-137. doi: 10.1207/sl5374424jccp3301_12 

Conflict of Interest Statement: The authors declare that the research was conducted 
in the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest. 

Received: 19 October 2013; accepted: 16 March 2014; published online: 01 April 2014. 
Citation: Haimov-Kochman R and Berger I (2014) Cognitive functions of regularly 
cycling women may differ throughout the month, depending on sex hormone status; a 
possible explanation to conflicting results of studies of ADHD in females. Front. Hum. 
Neurosci. 8:191. doi: 10.3389/fnhum.2014.00191 

This article was submitted to the journal Frontiers in Human Neitroscience. 
Copyright © 2014 Haimov-Kochman and Berger. This is an open-access article 
distributed under the terms of the Creative Commons Attribution License (CC BY). 
The use, distribution or reproduction in other forums is permitted, provided the 
original author(s) or licensor are credited and that the original publication in this 
journal is cited, in accordance with accepted academic practice. No use, distribution 
or reproduction is permitted which does not comply with these terms. 



Frontiers in Human Neuroscience 



www.frontiersin.org 



April 2014 | Volume 8 | Article 191 | 6 



